INTRODUCTION
The hybridization of DNA strands to form an antiparallel duplex usually follows the familiar Watson and Crick base pairing of adenine ( A ) with thymine ( T ) . and guanine ( G ) with cytosine (C).' In this scheme, mismatched base pairs destabilize the duplex, or can even prohibit hybridization of the two DNA strands. However, several instances have been observed where noncanonical base pairs allow duplex formation. Among these are several wobble base pairs ( e.g., G-T, A-C), or base pairs formed after protonation of a ring nitrogen, thus changing it from a hydrogen-bond acceptor into a hydrogen-bond donor (e.g., CH+-C,*.'AH+-A').
Furthermore, in duplexes with parallel backbones, pyrimidine-pyriniidine base pairs have been found when the negative phosphate charges in the backbone are shielded by cationic peptide complexation4 or m e t h y l a t i~n .~'~ This allows the close proximity between the DNA strands that is necessary for such a hybridization.
In this paper, we wish to report uv hyperchromicity studies that point at the possibility of an an- ccc ooos-3525/9i/o9io8~-08$04.00 * To whom correspondence should be addressed. tiparallel cytosine-thymine base pair, which is formed only a t the end of a duplex. AMBER molecular mechanics calculations are performed to offer a possible structural explanation for this behavior.
MATERIALS AND METHODS

Oligodeoxynucleotides
The DNA hexadecamers were all synthesized on an Applied Biosystems 381A DNA synthesizer with the standard P-cyanoethyl phosphoramidite protocol. After removal from the column and deprotection of the bases, the oligomers were purified by ethanol precipitation. DNA concentrations were determined in aqueous solution by uv absorption at 260 nm, assuming a single-strand concentration of 37 pg/ mL to give an A260 of 1 for a light path of 1 ~m .~
UV Measurements
All variable-temperature uv measurements were performed on a Perkin-Elmer 124 spectrophotometer in 10-mm quartz cuvettes at a wavelength of 260 nm. Total DNA single-strand concentrations ( C , ) of 2 pM were used in a 2 m M Tris HC1/0.1 m M EDTA buffer solution ( p H 7.0) with 0.1M NaC1. Samples of the duplexes were annealed for 2 min a t 7OoC, followed by slow cooling (45 min) to room temperature. Absorbance a t 260 nm was then followed as a function of sample temperature, with a temperature gradient of l"C/min. The uv hyperchromicity data were computer fitted to obtain melting temperatures (T,) and dissociation enthalpies ( AH" ). For this, we used the following formula for the fraction f of single-stranded DNA4:
T h e dissociation entropy ( A S " ) and free energy (AGO) were then determined with the formulae':
T, values and AH" values were determined with an accuracy of 1°C and 0.5 kcallmol, respectively. It then follows that the A S o values have an accuracy of 2 cal/mol-K, and the AGO values of 1 kcal/mol.
AMBER Molecular Mechanics Calculations
Structural calculations on the DNA duplexes were performed with the AMBER program,' which uses a molecular mechanics force field to calculate the energy content of a molecule. This force field includes bond stretching, bond-angle deformation, torsional potentials, van der Waals and electrostatic interactions, and a specific hydrogen-bond energy term:
The energy parameters ( K R , K O , Vn , A , , B, , q1 , CLI, and D,l), and equilibrium values ( Reqr Beq, and y )
were taken as described before.' The united-atom approach was used, and the dielectric constant was chosen as t = R, to simulate the long-range shielding of electrostatic interactions in aqueous solution. All input structures were generated with standard B-DNA coordinates lo and energy minimized until the gradient was smaller than 0.1 kcal/mol-A. As we have found earlier, l1 the total interstrand energy (Eint) is a better indicator of duplex stability than the total energy of the duplex (E,,,), which varies with the number of atoms in the system.
RESULTS AND DISCUSSION
Duplex Stability
The parent duplex 1 consisted of the 16-mer
was found to have a T, of 47°C in 0.1 M NaCl (see Table I ) , a AH" of 115 kcal/mol, and a AGO of 16.3 kcal/mol. This is in good agreement with the theoretical values as predicted with the method of Breslauer et a1.l' They describe the dissociation enthalpy and free energy as the sum of all dinucleotide contributions in the duplex, with a n initiation free energy added. 
which results in a C-T combination a t position 8 (numbering from 5'to 3' in the first oligomer ) . This mismatch indeed led to a lower T, value of 37"C, a decreased A H " of 109 kcal/mol, and a AGO of 12.4 kcal/mol (see Table I ) . This decrease in stability is quite large, when compared with the effect of changing the CG base pair a t position 8 into an AT or T A base pair (see Table 11 ).
In such cases, the T , is lowered only a few degrees and the AGO only by 1 kcal/mol. Therefore, we con- GAA -TCC -TAG -CAG -T ) with the mismatched
giving a terminal C-T combination at position 16. Now, a T,,, value of 50°C was found, which is even slightly higher than the parent duplex 1 under identical conditions (see Table I ) . In addition, the AHo value was 120 kcal/mol, and the AGO 17.7 kcal/ mol, indicating a high intrinsic duplex stability. In comparison, a CG or GC base pair a t position 16
would also have given a T, of 50 or 51"C, and thermodynamic parameters in the same range as for 3 (see Table 11 ). Complete removal of the terminal base pair results in a decreased duplex stability ( T, = 44.9"C, see Table I I ) , despite the higher GC content of the remaining 15-mer duplex. However, even the presence of unpaired dangling bases a t the end of a duplex can raise the stability through stacking interactions. The work of Sugimoto et al., l4 although it concerns RNA duplexes, allows one to estimate the free energy term involved. Corrected for a temperature effect (reference temperature of 37°C for the RNA systems instead of 25°C for DNA systems), the effect of a 5'-dangling C is negligible, while a 3'-dangling U contributes ca. 0.7 kcal/mol to the AGO. Obviously, this cannot account for the 2.5 kcal/ mol difference between the experimental AGO of 3, and the calculated AGO of 4 where no Breslauer-type analysis of the thermodynamic parameters, a GT/CA dinucleotide is replaced by a GT/CC dinucleotide. For the AHo this should entail a loss of 6.5 k~a l / m o l , '~ so the net increase from 115 to 120 kcal/mol indicates a n enthalpy contribution of 11.5 kcal/mol for the new dinucleotide.
The AGO increased from 13.6 to 17.7 kcal/mol, which includes a loss of 1.4 kcal/mol for the G T / CA dimer.13 Therefore, the new GT/CC pair contributes 2.8 kcal/mol to the free energy of the duplex. Both the AGO and the A H o are in the same range as for a GC/CG dinucleotide. I t must be concluded that the terminal C-T combination significantly increases the duplex stability, and can be seen A as a C-T base pair. In nonempirical calculations of base-pair formation, the antiparallel C-T base pair was not found to be very stable. 16 The interaction energy between a cytosine and a thymine base was 14.3 kcal/mol, as compared to an A-T base pair ( 16 kcal/mol) or a G-C base pair (26.5 kcal/mol) .
However, these calculations did not include basestacking interactions, which we have found to be very important for pyrimidine-pyrimidine base pairs.6 Also, the interaction energies cannot be compared directly to the measured AHo values, since phosphate-phosphate repulsions were not included.
A stable antiparallel C-T base pair seems only possible as depicted in Figure 1 , with a n N3 ---H-N3 hydrogen bond and an N4-H ---O4 hydrogen bond,16 both of which are well known in base-pair interactions. Two obstacles would appear to be present, however, for the formation of such a C-T base pair. First, the bases are both pyrimidines, which must approach each other more closely (e.g., in terms of Cl-C,! distance ) than a standard purine-pyrimidine base pair, to form stable hydrogen bonds. Second, even when the hydrogen bonds are formed, the carbonyl oxygens O2 come into very close steric and electronic contact, thus disfavoring the base-pair formation. In order to investigate the possibility of C-T basepair formation in the light of these problems, we performed structural calculations on the duplexes 1-3.
Structural Calculations
Molecular mechanics calculations with the AMBER program were performed to get an indication of the relative stability of the systems, and to examine Energy terms are in kcal/mol, and denote, respectively, total energy, bond stretching energy, angle deformation energy, torsional energy, nonbonded van der Waals energy, nonbonded electrostatic energy, vicinal van der Waals energy, vicinal electrostatic energy, hydrogen-bond energy, and interstrand energy.
possible conformational explanations for the different behavior of central and terminal C-T combinations. The energy-refined structures did not differ strongly in total energy, and also had a similar decomposition of the total energy into the several energy terms involved (see Table 111 ).
The interstrand interaction energies on the other hand, were strikingly different, and indicate a far lower duplex stability for duplex 2 with the central C-T mismatch. Systems 1 and 3 were equally stable, which is in good agreement with the experimentally determined duplex stabilities. It therefore seems that the AMBER calculations give a reliable picture of the duplexes 1-3. It should be noted that any intrastrand stacking interactions from the C-T combination are not included in Eint. However, we have seen that this contribution is minor (0.6 kcal/mol) compared to the hydrogen bonding (ca. 2 kcal/mol) .
The average conformational features of the three energy-minimized duplexes are given in Table IV . All systems showed standard B-DNA conformations of the backbone, sugar ring, and base (excepting the mismatched cytosines, vide infra) and resembled each other strongly.
A more detailed look at the base pairs 8 and 16 in the three duplexes is presented in Tables V and VI. As can be seen, the unchanged base pairs (16 in duplex 2 and 8 in duplex 3) did not markedly react to the introduced mismatches (8 in duplex 2 and 16 in duplex 3).
In the C-T combinations (see Figure 3 ) , changes were seen in these calculations primarily for the sugar pucker (torsion angle 6 ) , the P-05, torsion angle {) and the base orientation (torsion angle x ) .
These changes were most evident for the cytidine nucleotide in both duplexes. The cytidine sugar rings decreased only slightly (0.4 A) in the C-T combination of duplex 2, whereas in duplex 3 a change of 1.3 A was seen for the C-T base pair. In duplex 2, the decrease in Cl-Cll distance due to the changed sugar pucker seems to be largely negated by the strong change in {, which allows the phosphates to stay far apart.
The calculated changes in the C1 .-N torsion angle x led in both duplexes to a n enhanced value for the propeller twist angle between the two pyrimidine bases, which is necessary to escape the steric and electronic clash of the carbonyl oxygens 02. However, in duplex 2 the increase was much smaller than in duplex 3, which again indicates that the cytosine and thymine bases cannot form a stable base pair in the center of a duplex. Thus, the AMBER calculations suggest a way in which the terminal C-T base pair may be formed in spite of the two above-mentioned difficulties by changing the sugar pucker to decrease the base-base distance, and adapting the base orientation to avoid Oz-Oz close contacts. However, the central C-T combination lacks the freedom to adapt its conformation in this way. Concomitant with the sugar pucker change, the torsion angle (changes to counteract the decrease of the helix diameter. Also, the neighboring base pairs prevent too large a change in the propeller twist angle.
CONCLUDING REMARKS
The present experimental and theoretical findings show that an antiparallel C-T base pair may be formed in a DNA duplex, but only a t the end of the system. Only there is the conformational freedom present to allow the small helix diameter and high propeller twist angle that are necessary. Interestingly, the work of Sugimoto et al.I5 shows that a terminal C-U base pair is not formed in RNA duplexes. I t would seem reasonable that this is due to the well-known limited conformational freedom of RNA. Since it was already known that thymine may form a wobble pair in DNA duplexes with guanine,' it now appears that base pairs can he formed with all three other bases by thymine.
The new C-T base pair may be employed in hybridization probes as a terminal wobble pair, and may be useful for the site-directed mutagenesis technique. In the latter case, a natural DNA primer with a mismatched base is used to start the replication of a single-stranded phage. Thus, a new phage is obtained with a single, well-defined point mutation. Normally, more mismatches cannot be intro-duced simultaneously, since then the primer would not hybridize efficiently. A primer that leads to a stable C-T base pair would allow an extra mutation (changing A into C, or G into T ) to be incorporated in the newly synthesized phage, along with the normally present mismatched base. This would in effect double the mutation rate for the in vitro mutagenesis technique.
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